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FOREWORD

This report was prepared by the Chemical and Material Sciences organiza-

q tion of the Research Division of Rocketdyne, a Division of North
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N00019-68-C-0433, Naval Air Systems Command, U. S. Navy, covering the

period from 15 September 1968 through 15 April 1969. The contract

monitor was Mr. R. Schmidt.

The principal investigator was Dr. A. J. Jacobs with Dr. W. T. Chandler

providing technical supervision. The contributions of Dr. R. P. Jewett,

who was responsible for thin-film microscopy; Mr. J. Testa, who

performed the conventional metallographic work; and Mr. G. Dyer, who

assisted in a general way with the experimentation, are gratefully

acknowledged.

This document has been assigned Rocketdyne Report No. R-7822.
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ABSTRACT

Overaged 7075 altminum alloy, possessing inherently high resistance to

stres-corretsion cracking, was forged or rolled to re-gain the strength

lost by overaging. The reductions that would be required were over-

estimated, so that excessively thick sections were used as starting

material./ \Forging was much more effective than rolling in achieving

uniform strengthening, and was more effective at' longer than at

shorter overaging times. The maximum strength'obtat.ned by forging in

the center of a 4-inch-thick starting block, which had been overaged

for 20 hours at 350.J, was '-62000 psi (compared to -'57000 psi for

the starting block). Neither forging nor rolling of overaged 7075

caused any failures within a 30-day test period. IJ
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INTRODUCTION

2he objective of an earlier 2ockatdyne program with the Naval Air System

oamd was to determine the mechanism of stress-*orrosion cracking in

7075 and related aluwnum alloys. The objective of the program reported

upon herein was to apply the knowledge and impr5ved understanding of

the stress-corrosion aechanism so gained to the optimization of proper-

ties of these alloys.

It is well known that the age hardening of aluminum alloys is associ-

ated with a decrease in stress-corrosion resistance. The mechanistic

phase of the earlier pro-Tam showed that this decrease is most

pronounced when the aging is accelerated by a prior mechanical treat-

ment. Furthermore, it has been shown that age hardening is -ore

detrimental to strees-corrosion resistance than is strain hardening.

It has become clear that a certain amount of strain hardening is

required if an optimum combination of strength and stress-corrosion

resistance is to be achieved. Strain hardening is most beneficial

when carried out subsequent to all aging operations and on well

overaod mterial. Performed in this 2manner, the str&4v hadeing#

does not induce additional aging, such as it does in an underaged

condition (relative to -T6), in -T6 itself, or in a slightly overaged

condition (relative to -T6).

To meet the stated objective, several overaged conditions of the 7075

alloy possessing inherently high stress-corrosion resistance were

deformed to increase the strength properties. To conventional

methods of deformation were investigated, viz., forging aA, rolling.

Tensile and stress-corrosion tests were conducted to determine the

thermal-mecLanical treatment producing the best combination of yield

strength and stress-corrosion resistance. A yield strength of 69100

psi and a stress-corrosion time-to-failure oxceeding 30 days had

already been achieved by explosively shock loading 7075-T73 (Ref. I).



EXPERIMMTAL POCEDUE

The starting material for this study consisted of seven hand-forged

7075-T73 billets, each billet measuring 4 by 6 by 8 inches, and each

conforming to MIL SPEC A-22771-B. Six of the billets originated from

the same heat (No. W11994). The composition of these six plus that

of the seventh which came from another heat (No. W11657) are shown in

Table I. Representative tensile properties reported by the supplier

(Weber Metals and Supply Co.) appear in Table II. The reported

electrical conductivities were 40.5% ICS (Heat No. W11994) and 38.5%

IACS (Heat No. W11657).

HEAT TREATMENT

Four of the as-received billets were sectioned, as shown in f-igure 1,

for heat treatment and subsequent forging; and three were sectioned,

as shown in the same figure, for heat treatment and subsequent

rolling. Each piece was solution heat treated at 895 F for 5 hours,

water quenched, and the material converted to the -T6 temper. by aging

at 250 F for 24 hours. The final heat treating step was an overaging

treatment performed at 350 F. The billets for forging, designated by

AF, BF, and CF were overaged for 50, 150, and 400 hours, respectively.

One half of billet DF (Figure 1) was overaged for 20 hours and the

other half for 35 hours. The billets for rolling, AR, BR, anC CR,

were heated for 50, 150, and 400 hours. All heating times were

measured from the time the material had reached temperature.

MECHANICAL WORKING

Forging was carried out at a local shop (Carlton Forge Works) using a

United 1500-ton steam hydraulic press. Preheat in a 300 F furnace
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x.0
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SORC F ORE

SOURCE OF ROLLED TENSILE AND
SOURE OFUNWOK 0STRESS-CORROSION SPEC IMENS

'~ Figure 1. Sectioning of As-Received 7075-T73 Hand Forgings for Heat
Treatm~ent anid Forging (Billets AF, BF, CF, DF) or Rolling
(Billet" AR, BR. CR).
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was necessary to prevent cracking in all but the most bighly 6verigd

condition (CF). The individual blocks from each billet were compressed

once in the short transverse and once in either the longitudinal or

long transverse directions. The reductions in area that were obtained

are listed in Table IllI. Photographs of the forged blocks are shown

in Figure 2; the blocks are oriented as they were in the original

forgings.

The rolling was performed at the Atomics International Division of the

North American Rockwell Corporation. A two-high mill having 18-in.-

diameter rolls and manufactured by the Farrel Foundry and Machine

Company was used in the operation. The starting blocks shown

schematically in Figure 1 wore oversize for the 3-in. roll gap, so

they were machined to give a 3-in. by 3-in. transverse (short

transverse by long transverse) cross section. Passes were made in

the original longitudinal direction. The blocks were preheated in a

300 F furnace and returned to the furnace as required during the

rolling. The final long transverse dimenzion (in the end section)

was maintained close to 3 inches. Therefore, the reductions in area

(of the end sections) were proportional to the re uctiona in the

short transverse dimension (Table IV). The rolled blocks can be

seen as originally oriented in the photographs of Figure 3. No

cracking was encountered in the rolling.

PROPFRTY ASURFMENTS

Tensile and Strees-Cor: osion Tests

The tensile and stress-corrosion specimens were machined with their

axes in the short transverse direction of the billet and were

6
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centrally ~ ~ loae ihrsett h pprmilwrble ufcs

ceutplllcate th reptt the upper of le billet sYweete eecnufce.

in triplicate for each of the two (20- and 30-hour) averagingi
treatments. The tests on worked specimens were run in duplicate.

Stress-corrosion tests were of the alternate-immersion type and were

conducted in an aqueous 3j% NaCl clution. '_The tests on the worked

specimens were performed in duplicate at the 75%-of-yield stress level.

Because of the expected high stress-corrosion resistance of the

unworked material, control tests were not conducted.

Hardness TestsI

Hardness surveys were made over the thicknesh (i.e., short transverse (~.

direction) of selected forged or rolled blocks to determine the extent

of hardening at various depths below the surface. One-quarter-inch 1
thick plates, which were oriented parallel to the longitudinal

direction of the forged blocks and to the transverse direction of theI
rolled blocks, were machined from the center of these blocks. Super-

ficial Rockwell measurements (30-T scale) were made at 1/4-inch inter-

vals starting at 1/8-inch from one surface. The blocks that were

selected for the surveys are so designated in the last columns of

Tables III and IV. The baseline hardness properties of the overaged

but unworkod material were established using blocks A2F, B2F, UPF,

A2R, B2R, C2R, DlF, and DOF. Sixteen to eighteen measurements were

made on each of these blocks.I

Specimens for light microscopy were prepared from forged blocks CIF

16
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and 0E2P and from rolled block 04R. Specimens from the forged blacks

lay in three mutually perpendicular planes formed by the longitqdnI ,-

and transverse directions of the billet. Twom specimens, both lyng

in the rolling plane, were examined from block COR. One came from

the top of the block and the other from the middle. Standard chemical
polishing and etching techniques were used.

,Thin-Film Microscopy

Thin films were prepared from the same forged and rolled blocks asn

were the light microscopy specimens. The planes of films from blocks

Cl? and CE2F were formed by major billet directions. The film from

block COR were more randomly oriented. The electro-polishing

procedures and electron microscope have been described elsewhere

(Ref. 2).

18ZI
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&IXPRMMAL MEULTS

Mechaical ProRerty Changes

The yield and tensile strengths of the forged material are shown

plotted cugainst overaging tit* in Pigure 5 and against percent

reduction in aroa (% RA.) of the forged block in Figure 6. The

dutility, as measured by % RA and percent eloagation, is plotted

against % RA. of the forged block in Figure 7.

It is seen in Figure 5 that the forging has imparted appreciable
strengthening to the overaged material. The maximum increment in

""Vyield strength (10.4 ksi) occurs at an overaging time Wt of 50 hra.

22This increment diminishes to 4.8 ksi at t = 20 hre. and to 8.4 ksi

at t - 400 bra. Also at t - 20 hra. and t = 400 bra., there is little

or no increment in tensile strength. The maximum increment in tensile

strength,, at a given overaging time,, is always less than the correa-
-~ r.ponding increment in yield strength and increaaes from 3.0 ksi at

The most significant change in strength with forging reduction is a

decrease in yield strength,, which occurs above -25% RA for billets

angure 6. The possibility that these decreases signaled
the onset of recrystallization was checked metallographically (see

ILgt.cocoy eto)

Although not enough data points were obtained to be certain, there
seems to be a tendency for the duatility to doerease up to a critical

level of .?orging reduction and then to increase (Figure 7). The reduction

in area reaches the control value sooner than does the elongation. There

is also an in-ication that the minimum ductility occurs at smaller

foring reductions, the shorter the overaging time, which is what

19
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one might expect if the minimum coincided with the start of recrys-
*tallisation. For billets BF and CF, the minimum ductility occurs at

lees than 25% forging reduction, which is where the yield strength

underwent its largest decrease.

As indicated by the areas which are bounded above and below by the

hardness vs. depth curves arnd the baseline hardness values, respectively,

in Figure 8, maximum hardening was obtained in block CIF. Maximum

strengthening was achieved in Al?, however (Figure 5). The same

curves (ef. 01? and Al? in Figure 8) suggest that in-depth hardening
(barring possible recrystallization phenomena) is favored by a longer

overaging time.

Strss-orrosion PropertChages

*4 ~ ~ No failures were obtained within a 30-day testing period. The tests

were terminated at the end of this time.

w ~ Metallojraphy

Li t Xioroecooy In the section, "Mechanical Property Changes," the F
yield strength results indicated that recryst _ I 4- at± on may have 1

~ I occurred in block CE2P (36% RA) but not in ClF (20% RA). Thus these
blocks were selected for metallographic examination.

Two sets of micrographs are shown in Figure 9. The first set

represents block ClF, and the second CE2F. Each net contains three
!' I mutually perpendicular orientations designated by a, b, and c.

Possible microscopic evidence for recrystallization in CE2F was foundL ' in the "b" orientation, as seen in the figure. The only other
difference that could be detected in the microstructures of ClF and

QE2F was observed in the "a"t orientation. The grain structure

appeared more elongated in CE2? because of the 16% greater reduction

and because CE2F was conpressed in the short and long transverse

directions Instead of it the short transvers and longitudinal

directions as was ',IF.
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Block CIF
Orientation b

Block CE2F
Orientation b
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Orientation c
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Thin-Film Electron Microscour. The thin films prepared from blocks

Cl? and CE2F were similer in appearance. As shown by a typical eloctron

microg-raph taken of ClF (Figure 10), there is a considerable propor'tion

of elongated precipitate particles (probably ?IgZn2). Dislocations

produced by the forging are difficult to resolve. It is unlikely that

dislocations could escape from a thin film containing such a high

density of precipitate particles.

ROLLING

Mechanical Property Changes

The rolling operation did not effect any changes in the tensile

properties of the blocks at the particular depth where measured. The -

tensile spevimens, it should be recalled, were aligned in the short

transverse direction and were centrally located with respect to the

upper and lower billet surfaces. Figure 11 shows a plot of strength

vs. overaging time and Figure 12, a plot of 5trength vs. % RA of the
rolled block. A large degree of scatter is apparent in the ductility

measurements (Figure 13), especially those involving reduction in area,

The hardness data, which are plotted in Figure 14, indicate that I
maximuma integrated hardening as well as the most uniform hardening

was obtained in block W4. This is the only block of those selected

for measurement which shows significant internal hardening.

Stress-Corroeion Property Changes

No failures occurred within the 30-day test period.

?etallography

Light tKi2Z~jSS ., Because rolling had no effect upon strength

properties measured away from~ the rolling 'qurfacee, a light microscopy I
26



71T

Fiue1.Ti im lcrnMcorpho vrgdad

Fogd77 (lc l)

i27

VN



3- I

100

>- c

000-- 7-'-- ____ ____4

IVn

0

CCu

I4-

44
~~~r 0-.? -

:-4

"-4

04

ISA 'ISN-II - _ _ - _ _ _ A,

28-



"CC 
L'

00 t~

C%4

ri4

I0

0 C

IS)1

_j '



Ol NI-Z )N 1IO03 o:'

Id

(1VtI-~I) KO±Y~O3 ~ ~dfl~44
00

0

c4

-gO
CJ0 *0

, I

I. z
0

ui UE)u x P

____ ___ ___ ___a

co~- KcLjc
.0 - q).- -I

UNU

V1I% NOdflo3

30U



- V,

N

4e 0 4

ini

40~~ 
00'

t4 f U) -I4 (ioD2

%D1 
X 4)~n)ssNnv

r44

31



exaination was performed at two deptho in block CO:Z the first, St
A ~~

a rolling surface and the second, approximately sidvay btween the twoi{im .

rolling surfaces. The microstructures at the two depths wore fouMd1

to be indistinguishable. Typical micrographs aro shown in Yigur. 5

Thin-film 912ctron Xigroagoll. Thin films were also prepared froa two

different depths in block COR. No difference in nicrostracture at

the two depths could be fouxid. A typical electron micrograph Is
shown in Figure 16. The difficulty of resolving dislocations# which

muot be preaent from the working operation, is again a surprising

feature.

32



!, V

Rolling Surface

M(idway Between Two Rolling Surfaces

Figure 15. Light Micrographs Taken at Two Different Depths of
Overaged-and-Rolled 7075 Alloy (Block 04R). Plane
of Both Specimens is Parallel to Rolling Plaao
(Etchant 2 Vol. % Aq. HF; Magnification 200X).
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Of the two m'ethods employed in this study to strengthen overaged 7075,

prese orging was the more effective. Greater strergthening was obtained

in th; center of a 4-inch-thick section using forging than in the center
41 of a 3-inch section using rolling.

The reason for using a 4-inch-thick starting section for forging was

I dictated more by considerations of test specimen size and estimates

of the reduction that would be required to obtain the desired strength

level than it was by the actual incidence of such thick sections in

industrial applications. A 2-inch-long stress-corrosion specimen was
used because it conformed with available test fixtures, and a 50-percent

reduction was anticipated when hand forgings were ordered measuring

4 inches in the short transverse direction. It was found that a

1 25-percent forging reduction was the tolerable maximum before craing

jIor a rccrystallization-like phenomenon took plc.I spsil that
if a thinner starting nection an" -, sh a ..-----adben se, h

I I desired strength level could have beer. achieved.

This orief study has demonstrated that an incremental loss of' strength

due to overaging can be completely regained, if the overaging has been

performed between 50 and 400 hours at '550 F. At shnorter overaging
times, the strain hardoning mechanism cannot keep pace with the over-I aging mechanism that produces softening (Fig. 5 ). Thus, using tne

techniques described herein, there is a ceiling of -65,000 psi on the

yield strengthwhich may be obtained by starting wfth material in the

-T73 temper (overaged 10 hrs. at 350 F).

A



If tne program is to be continued along the present lines-..e., combin ing

various heat treatments with conventionLI deformation of the overaged

material resulting from the heat treatment--it becomes necessary to

explore ways of increasing the strain hardening at short overaging times.

The main difficulty seems to be in producing uniform strain hardening before

auperficial cracking occurs. An unconventional deformation technique such

as explosive shock loading would be more Luccessful in this respect;

however, there are still practical problems to be solved in connection

with this method. Among the conventional techniques, a low energy

rate process such as press forging would be superior to a faster process

such as impact forging; and, as the present study has shown, press forging

is superior to rolling. Having selected a promising metal working process,

the next step might be to take advantage of different .ork hardening

characteristics possessed by the different overaged conditions and devise

some sequence of thermal-mechanical operations which would allow the

internal strain hardening in a workpiece to keep pace with the external

The present study has provided additional evidence for the negligible

effect of strain hardening on stress-corrosi3n resistance. Not a single

failure of overaged-and-forged or of overaged-and-rolled material was

obtained within 30-day testing periods. The outstanding problem then is

to increase the strength of inherently resistant material to a level of

70,000 psi or more.

S



COXCtUSIONS

1. "cess forging is more effective than rolling in increasing the

strength of overaged 7075.

2. Press forging i8 least effective for 7075 that has been oveagod

for less than 50 hours at 350 F.

3. The forging or rolling of 7075 that has been overaged for 20 hours
! or more at 350 F has no effect on tI,4 stress-corrosion time-to-

!I failure within a 30-day testing period.

4. The best eombination of yield strength and stress-corrosion time-

to-faflure that can be produced by overaging and forging appeers

t be -65000 psi/> 30 days.

I -I
'1' II
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FUTURE WORK

A follow-on program will be conducted which has the same objectives as

the present program. Instead of using starting material that has been

overaged according to standard procedures, the starting material will be

unconventionally heat treated 7075 containing MgZn2 particles of carefully

controlled size and distribution and varying concentrations of excess

vacancies. One or more forging reductions will be included in the

processing. Tensile and stress-corrosion tests will be conducted to

establish the optimum heat treat variables. The use of starting sections,

3 inches or less in the short transverse direction, and stress-corrosion

specimens, which are less than 2 inches in the same direction, will be

considered whenever a forging operation is required.

i 1
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